Abstract A fundamental difference of very high intensity laser interaction with plasmas from solid targets appears with lasing at picosecond (ps) pulse durations in contrast to pulses of nanoseconds (ns). This can be seen from the more than 10,000 times higher acceleration with ps pulse durations than with thermal pressure determined interaction. A ps pulse duration produces instantly acting high-efficiency nonlinear (ponderomotive) electrodynamic force dominated acceleration in contrast to heating with longer pulses. The ps pulses accelerate high-density plasma blocks. This can be used by a new scheme of side-on driven laser fusion with generating a flame ignition in uncompressed fusion fuel of solid density resulting in a reaction velocity of more than 2000 km/s for DT.
Introduction
Two basically important experiments led to the fundamental significance of the discovered anomaly at the interaction of high-power laser pulses with plasmas if the pulse duration is in the picosecond (ps) range or shorter. The first was the discovery by ZHANG et al. [1] about how to suppress relativistic self-focusing and the second was SAUERBREY's measurement of ultrahigh acceleration of plasma blocks of 2×10 20 cm/s 2 from the Doppler line shift [2] . After very low intensity approximations, the relativistic self-focusing was derived generally [3] and subsequently the emission of MeV ions were clearly measured from the extremely high intensities in the filaments of wavelength diameter due to nonlinear (ponderomotive) forces [4] ; this was observed in all experiments at the high intensities. The extremely high intensities were also the source of extremely high intensity hard X-ray emission. In both key experiments [1, 2] with ps laser pulses of more than about a terawatt of power, one important condition had to be fulfilled: the pulses had to be clean, i.e., any prepulse had to be eliminated by a factor of more than 10 8 (contrast factor) of the intensity of the ps pulses up to a few ps before the main pulse was incident.
It was a painful history first to understand how laser pulses of a few Joules could produce MeV (and now up to GeV) ions, but this is now common knowledge and understood by relativistic self-focusing for the fastest ions whose non-thermal, nonlinear force acceleration process can be seen from the linear increase in their energy on the charge number Z. Another fast ion group − but with less energy − can be due to hot electrons and ambipolar acceleration known as the Gitomer process [5∼7] .
The ultrahigh acceleration has been known since 1978 from computations for plane geometry interaction (see Figs. 10.18 a and b of Ref. [8] where plane blocks of deuterium plasma were driven to velocities of above 10 9 cm/s by a laser pulse of 10 18 W/cm 2 within 1.5 ps interaction time by the dominant nonlinear force against the well covered thermal processes in the code. This was well in the range of 10 20 cm/s 2 acceleration. However, this could not be confirmed experimentally before the measurements of SAUERBREY [2] because the high contrast ratio was not available then to suppress relativistic self-focusing.
The need of very high contrast ratios was well known in the ps experiments before measuring the ultrahigh acceleration because of the amplification of spontaneous emission (ASE) in these experiments. It should be mentioned that a crucial experiment by KALASH-NIKOV et al. [9] was using very high contrast when the phenomena of nonlinear (ponderomotive) acceleration apart from thermal processes were noticed. However, the clear evaluation of the Doppler effect and the record acceleration became known only later [2] . The more specific evaluation by the nonlinear force arrived at a more detailed agreement [10] with the experiment of SAUERBREY [2] . The importance of the suppression of relativistic selffocusing was in a most ingenious way evident by measuring the X-ray emission [1] . While the usual experiments with the filaments always resulted in very hard and intense X-rays, ZHANG et al. measured with subps pulses for the very first time that the X-ray emission was very much lower and weaker with ps laser pulses if the contrast ratio was above 10
8 . With an irradiation of a weaker ps pulse at time t before the main pulse arrived, the X-ray emission was still low until t was 70 ps when all the hard and intense x-rays appeared as usual. The 70 ps corresponded with the time that a plume of plasma twice the depth given by the interaction diameter of 30 laser wavelengths was generated, just sufficient for relativistic self-focusing. Another experiment [11] with a contrast ratio 10 8 showed that the fast ions emitted from a target at TW-ps laser pulse irradiation were fully directed, had no change in ion numbers and the maximum energy was 20 times lower than relativistic self-focusing should have produced. This could be fully explained [6, 7] by the fact that a plasma block of dielectrically increased skin depth was accelerated by the nonlinear force [12, 13] .
Confirmation of the ultrahigh acceleration experiment
A reproduction of the ultrahigh acceleration was possible due to the further improved contrast of the laser pulses by a further order of magnitude, i.e., to 10 9 and re-designing of the laser pulses based on the SzatmariSchäfer method [14, 15] . This improvement resulted in similarly high acceleration even at significantly lower laser intensities as shown in Fig. 1 , which illustrates the plasma block velocities from Doppler measurement. In these experiments the pulse duration of the KrF laser was t = 700 fs with a maximum energy of 15 mJ. The laser pulse of 2.6×10
15 W/cm 2 intensity resulted in a velocity of v = 1.25×10 7 cm/s of the plasma at irradiation of aluminium [14] leading to an acceleration of
This is again ultrahigh acceleration in the range of the predicted values from the computations due to the nonlinear (ponderomotive) forces [8, 10] even with comparable modest laser intensities, again more than a few hundred times higher than acceleration at present with nanosecond pulses from very large lasers. The question is then, how fast the laser energy can be converted into this plasma motion. This re-evaluation of the experiment is a special point of attention for the following consequences. At this intensity, the quiver energy of electrons is
Here m e is the electron mass and E v is the electric field amplitude of the laser of frequency ω in vacuum. This quiver energy of 32 eV is sufficient to produce plasma electrons in the target within several laser periods by the electrons impacting in the target and with other Al ions to be ionized. The question is what happens after the 700 fs interaction of the laser pulse. Any quivering of the electrons is stopped. Some thermalization of the quiver energy by collisions of the quivering electrons could have been converted into some electron temperature, as the Gitomer process for fast ion generation [6, 7] . The thermalization process from quiver energy into ion energy occurs only after a long time compared with the 700 fs of the laser pulse. Any plasma motion is determined by the directed macroscopic motion of the ions whose front is seen from the Doppler shift. It is evident that the measured high energy for the high velocity macroscopic motion of the ions could never be transferred via thermalization within the 700 fs duration of the direct interaction with the laser pulse.
The ultrahigh acceleration drastically shows immediately the fundamental difference of ps interaction versus ns interaction. The nonlinear (ponderomotive) force during ps lasing interacts instantly with the electron cloud of the target and converts nearly 100% of the laser energy into kinetic energy of directed motion. The inertia is determined by the cloud of the ion mass attracted to the electron cloud at sufficiently small Debye length at the very high plasma density. The interaction at ns lasing acts via thermalization of laser energy into that of electrons by a much longer collisional absorption process and the similarly long transfer of the energy to that of the ions by equipartition. Then the ions receive the gas dynamic pressure needed for expansion. Comparably high losses are also due to long duration bremsstrahlung emission accompanied by thermal losses.
Significant experiment by ZHANG et al. (1998) for contrasting conditions
The importance of the experiments of ZHANG et al. [1] for the clarification of ultrahigh plasma acceleration with the Doppler line-shift experiments of SAUERBREY [2] and FÖLDES et al. [14] in view of recent results [16, 17] cannot be stressed enough. The initial experiment of ZHANG et al. [1] led to developments of two different important directions. One was the clarification of the SAUERBREY [1] and FÖLDES et al. [14] measurements of the ultrahigh acceleration discussed above, and the other was the study of the lateral mechanisms at relativistic self-focusing summarized in Refs. [16, 17] . Both cases were explained (see Fig. 2 of Ref. [12] ) when attention was given in 2002 to the results of ZHANG et al [1] . In Fig. 2 of Ref. [11] , part (a) shows what usually happens. A laser pre-pulse produces a plasma plume in front of the target where relativistic self-focusing squeezes the beam into a filament of less than a wavelength diameter with extremely high intensity which led to the first measurement of MeV ions [4] in full agreement with the theory [3] (see Chapter 12 of Ref. [7] or the example [18] ) resulting in very intense and hard X-rays. In contrast to this, case (b) in the mentioned figure used clean beams with suppression of pre-pulses with a contrast of 10 8 resulting in low X-ray emission similar to the case of SAUER-BREY [2] with ultrahigh accelerations. In both cases, the relativistic self-focusing was suppressed.
In case (a) an intentionally applied pre-pulse led to relativistic self-focusing and to the rather interesting measurements studying the funnelling mechanism at the focusing from lateral particle acceleration at the target surface and magnetic field generation [16, 17] as done before by numerous similar studies [19] . The realization of the two cases (a) and (b) as a consequence from the leading experiment of ZHANG et al. [1] is of crucial importance also for the fundamental development of "complex systems", and so is it important [20] for the consideration of basic results by Edward TELLER and Lord Robert MAY of Oxford. In contrast to the very complicated results of case (a), case (b) leads to the transparent conditions of the clear facts of laser-plasma interaction in order to overcome the confusion by "complex systems". This was formulated by Edward TELLER in 1951 [20] , based on the divergence of the individual components of the complex systems with the subsequent theory of their stabilization discovered by Lord MAY [21] and applied to many systems, even about the financial crisis [22] and general politics [23] . ZHANG's et al. [1] case (b) and the here elaborated example of nonlinear laser-plasma interaction are typical examples mentioned by TELLER, that the process avoids the confusion of complexities if one works so fast that thermal complications and instabilities cannot build up. This is a crucial new aspect given by the sub-picosecond laser mechanisms [24, 25] .
4 Laser driven fusion energy by igniting uncompressed fuel leading to nuclear power without radioactive radiation
The high-density plasma blocks after ultrahigh acceleration resulted in space charge neutral ion current densities [10] j > 10
if the nonlinear force interaction is used with ps laser pulses with powers of more than TW up to greater than PW and a contrast ratio of above 10 8 . It is then for the first time possible to use the ignition of fusion flames with these ps pulses in uncompressed solid density fusion fuel following the scheme of CHU [26] for side-on ignition in plane geometry. This was never possible before the use of ultrahigh acceleration [10, 12] and the update of CHU's theory [27, 28] . Even ignition of the otherwise completely impossible fusion of hydrogen with the boron-11 isotope (HB11) is now possible [29] based on the knowledge gained at this point.
In order to study the details of the side-on ignition based on hydrodynamic one-fluid computations [25, 26] , the next step is to use a genuine two-fluid code [30, 31] in order to include the highly non-equilibrium conditions between electrons and ions and the generation of the very high internal electric fields in the inhomogeneous plasmas as explained before [32] . We present in the following the fusion rate for 10 20 W/cm 2 irradiation of 248 nm laser wavelength one picosecond laser pulses on solid density deuterium-tritium (DT) fusion fuel at 2000 ps after the ps laser pulse has interacted. The ion density at the head of the flame is increased as a shockwave process covering very detailed plasma properties, while Figs. 2 and 3 show the reaction rates for a sequence of energy irradiation flux E * in J/cm 2 as parameter at 2000 ps. This results in velocities of the fusion flame in Fig. 4 . For E * below 10 7 J/cm 2 no ignition occurs, but for 10 8 J/cm 2 and above, ignition is confirmed to be in agreement with single fluid results [20] . The new results show a gradual building up of the ignition process where many more details were evaluated from the computation results [33] . Fig.2 Genuine two-fluid hydrodynamic computation for 2000 ps after a 10 8 J/cm 2 laser pulse of 1 ps duration irradiated a 5 µm thick surface area of a solid density DT fuel. The reaction rate confirms that the fusion flame has penetrated 4.2 mm into the cold fuel. The flame has a plasma compression shown from the ion density of a factor of 1.6 Fig.3 Same conditions as in in Fig. 2 but with up to 100 times lower radiation intensities I * at 2000 ps. Below the value I * = 2 × 10 7 J/cm 2 , no ignition happens while the shock formation can well be followed up Fig.4 Velocity v of the fusion flame moving through the solid DT fuel at 2000 ps after the one ps block interaction, depending on the nonlinear force driven laser flux density E* as a parameter. Showing the beginning of the ignition for E* values above 10 7 J/cm 2 . The transition into ignition is perfect for E* above 10 8 J/cm 2 with a flame velocity of 2300 km/s
Conclusions
The ultrahigh acceleration of high-density plasma blocks with clean >TW-ps laser pulses is transparent proof that a nonlinear (ponderomotive) force determined instant and highly efficient conversion of laser energy into plasma motion is dominating as theoretically and numerically predicted in 1978 [8] . This is entirely different from the conditions at ns interaction with losses and delays by thermal-pressure dominated processes. Application to side-on ignition of uncompressed solid fusion fuel by block ignition opens a radically new scheme for energy production with multi-PW clean pulses using hydrogen-boron fuel with less radioactive emission per gained energy than from burning coal.
